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(57) Abstract 

There is disclosed herein an integrated scanning tunneling microscope and an integrated piezoelectric transducer 
and methods for making botlu The device consists of one or two arm piezoelectric bimorph cantilevers (42, 46) formed by 
micromachining udng standard integrated circuit processing steps. These cantilevers are attached to the substrate (32) at 
one area (80) and are free to move under the influence of piezoelectric forcE»! which are caused by the application of ap- 
propriate voltages generated by control drcuitry (88) and applied to pairs of electrodes (48, 36, 44; 52, 49, 44) formed as an , 
int^tal part of the bimorph cantilever structure. The electric fidds caused by the control voltages cause the piezoelectric 
bimorptei to move in any desoed fashion yritbin ranges determined by t&e design. The bimorph cantilevers have tips (66) 
with very sharp p<»nts formed thereon which ate moved by the action of the control drcuit (88) and the piezoelectric bi- 
morphs iso to stay within a very small distance of a conducting surface (84). The movement of the tip can be tradced to 
yield an umage of die surface at atomic resolution. 
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INTEGRATED SCANNING TUNNELING MICROSCOPE 

The U.S. Government has a paid-up license in this 
invention and the right in limited circmnstances to require 
the patent owner to license others on reasonable terms as 
5 provided for by the terms of Contract No. N0003:4-84-K-0624 
awarded by the Departnent of the Navy. 

PftcHqrpund <?t the inyeptign 

the invention pertains to the field of scanning 
tunneling microscopes, and more particularly, to the field 
10 of integrated versions of same. 

Scanning tunneling microscopes were first invented by 
a team of researchers from IBM (Binnig and Rohrer) . The 
basic concept of a scanning tunneling microscope is to 
place a very sharp, conducting tip having tip dimensions -on 
15 the order of the size of 1 atom in diameter close to a 

conductive surface. If the tip is brought very olose to a 
conductive surface, i.e., within the space of the diameters 
of several atoms, (approximately within 5 angstroms) , a 
tunneling current flows between the tip and the surface. 
20 Xhat is, the probability density function of electrons for 
atoms in the tip overlaps in space the probability density 
function of electrons for atoms on the surface. As a 
result, tunneling occurs in the form of electron current 
flow between the tip and the surface if a suitable bias 
voltage between these two conductors is applied. 

The magnitude of the tunneling current is exponential- 
ly dependent upon the distance between the tip nd the 
surface. If thia distance between the tip and the surface 
increases by only 1 angstrom, the current is reduced by a 
factor of 10. Typically, 100 millivolts of bias voltage 
vill provide 1 nanoampere of current for a tip to sample 
spacing of a few angstroms. 
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This tunneling current phenomenon can be used 
to take an image of the surface. To do this, 4&he tip 
must be placed very close to the surface and must be 
moved in raster scan-like fashion across the surface 
g while maintaining the relative distance between the tip 
and the surface. The tip must be moved up and down to 
follow the contour of the surface to maintain a 
relatively constant distance between the highest point 
on the surface and the tip. This distance must be 
accurately maintained to be within the tunneling overlap 
distance to maintain constant current flow, as the tip 
is scanned across the contour of the surface, an image 
of the surface contour may be built up by keeping track 
of the movements of the tip. Typically this process of 
tracking the tip movement is done by keeping track of 
the voltage applied across a piezoelectric transducer 
which moves the tip to maintain the constant distance 
between the tip and the surface. Typically the 
apparatus that controls the tip distance monitors the. 

20 current flowing between the tip and the surface and 

controls a mechanical system to move the tip in such a 

manner as to stabilize the current flowing between the ^ 

tip and the surface at some steady state value. Thus, 

changes in the current will result in changes in the 

25 distance between the tip and the surface so as to 

counteract the changes in the current and stabilize it 
at a steady state value. Thus, changes in the drive 
signals to the tip movement mechanism track changes in . . 
the surface contour as the height of the tip above the 
surface is adjusted to maintain constant current. 

A collection of papers defining the state of * 
the art in scanning txmneling microscopy is published in 

IBM Jour nal of Research and Development . Vol. 30, 
Ho. 4, pages 353-440, July 1986. In an article entitled 
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"Scanning Tunneling Microscopy" by Binnig and Rohrer at 
pages 355-369 of that journal,. a scanning tunneling 
microscope is depicted in Figure 2 using a piezoelectric 
tripod. This tripod consists of 3 piezoelectric rods of 
5 material joined at a junction; each rod expands and 

contracts along one of 3 Cartesian coordinate axes. The 
tip is mounted at the junction of the 3 rods. The tip 
is brought into proximity of the surface by a rough 
positioner. Thereafter the piezoelectric tripods are 
^0 used to scan the tip across the surface to develop an 
image of that surface. The collection of papers in the 
IBM Journal of Research and .DeveloT»nent shows scanning 
tunneling microscopy as being done with large scale 
apparatus. 

One reference teaches an integrated form of a 
scanning tunneling microscope. Thiis reference is 
European Patent Application Publication No. 0194323A1 
published 17 September 1986 based on European 
Application B51Q2554.4 filed 3 July 1985. This patent 

20 application describes a scanning tunneling microscope 
integrated on a semiconductor chip into which slots are 
etched to form a center portion cantilever. The slots 
are etched to have mutually orthogonal directions to 
allow the center portion to jierfona movements in the ?C 

25 and Y direction under the control of electrostatic 

forces created between the stripes defined by the slots 
and their opposite walls. A protruding tip is formed on 
the center portion which is capable of being moved in 
the Z direction by means of electrostatic forces. 

30 filectrostatic forces are not ideal for tip movement to 
cibtain maximtjon accuracy. Also, the integrated ^TM 
described in the European Patent Application cited above 
would be difficult to successfully fabricate. 
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Thtis, a need has arisen for an integrated 
version of the scanning tunneling microscope uf ing 
piezoelectric means for moving the tip. 

5 Summary of the Invention 

According to the teachings of the invention, 
there is disclosed both an integrated piezoelectric 
transducer of novel construction and an integrated 
scanning tunneling microscope using this piezoelectric 
j0 transducer for the necessary tip movement. The 
piezoelectric transducer uses bimorph technology. 

In one embodiment of the piezoelectric 
transducer, a layer of spacer material which will later 
be removed, is placed over the surface of a silicon or " 
15 other substrate. Thereafter,, a layer of conductive 

material is formed on the spacer layer and patterned to 
form three separate electrodes. Then a layer of 
piezoelectric material is formed over the three 
^ electrodes and another layer of conductive material is 
2^' over the layer of piezoelectric material, A 

^^^^^ layer of piezoelectric material is then formed 
^ -^^^ middle conductor. Finally, a third conductive 
^ jy formed over the second piezoelectric material 

^ ^ 0Y^Te and is patterned to form three separate electrodes 
25 ^ich^ are aligned with the three electrodes of the 

bottom-most conductive layer. Then a sharp, conductive- 
tip is formed on the Center electrode on the uppermost 
conductive layer. This tip is formed: by evaporation 
deposition of a conductive material through a shadow 
3Q mask. The evaporation deposition forms a cone of 

material of ever decreasing diameter on the center, top 
electrode. The ever-decreasing diameter results as the 
material landing on the shadow mask slowly closes off 
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the hole in the mask above the point where the tip is 
being formed. 

After the foregoing structure is fotmed, the 
sides of the piezoelectric material are etched away to 
g form the bimorph lever. This etching is performed in 
such a manner that sufficient piezoelectric material is 
left on the sides to completely encase the center 
electrode. This etching of the piezoelectric material 
is done by first depositing a layer of 
titanium/tungsten metal and patterning this layer to act 
as an etch mask. This layer of metal is patterned using 
conventional photolithography techniques to define where 
the edge of the piezoelectric material is to be. After 
the metal etch mask is formed, the zinc oxide 

25 piezoelectric material is etched using the metal mask as 
a guide. If other piezoelectric materials are used 
which may be etched with good resolution, this step of 
depositing and forming a metal etch mask may be 
eliminated. Zinc oxide is a piezoelectric material 

2Q which cannot easily be etched with good resolution. The 
step of forming the metal etch mask substantially 
improves the resolution which may be obtained in etching 
. the zinc oxide material. "Resolution" as the term is 
used here is intended to specify the degree of control. 

2g over the position of the edge of the zinc oxide. 

After the piezoelectric material has been 
etched, the spacer material underlying the entire 
structure is removed. This spacer material is removed 
only xjp to the point %diere the cantilever bimorph is to 
be physically attached to the stibstrate. Removal of the 
spacer material causes the bimorph cantilever tO extend 
out from its attachment point over the substrate with an 
air space between the bottom of the bimorph and the top - 
surface of the substrate. This allows the bimorph to 
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move up and dovn normal to the surface of the substrate 
by the effect of the piezoelectric material thereby 
allowing the tip to be moved. The existence of four 
pairs of electrodes and two layers of piezo material in 
5 this embodiment r allows three axis movement of the tip 
to be obtained. 

To operate the structure just described so as 
to caiise the tip to make raster scanning movements, 
various voltage combinations are applied to the four 

10 pairs of electrodes formed by the middle layer electrode 
and the outer electrodes on the bottom and top electrode 
layers. By suitably controlling the voltages applied to 
these four electrode pairs, the tip may be made to move 
along any of the three axes in a Cartesian coordinate 

15 system. 

In alternative embodiments, two such bimorph 
structures each having two piezo layers but only two 
^airs of electrodes, formed as previoixsly described, may 
^be fabricated so as to extend out over the. stjbstrate 
20^* filom^-fiieir attachment points and to intersect each other 
^ ^at angle and to be joined at the intersection. 

pTh^e two biraorphs may then be controlled in a similar 
^ m^ner to the manner described above for a single 

l^morph to move the intersection point along any of the 
25 three axes of a Cartesian coordinate system. In an 
alternative embodiment, two conductive tips may be 
formed at the end of the bimorph and the voltages 
applied to the electrodes! may be manipulated so that the - 
tip of the bimorph rotates to provide independent Z axis 
30 nwtion for each tip and synchronous X and Y motion for 
both tips. 

An alternative, and preferred, embodiment of, 
the method for forming the bimorph piezoelectric 
transducer structure described above, is to form the 
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multilajrer structure directly on a silicon substrate 
vithout any spacer material as described above but to 
free the bimorph cantilever from the substrata by 
etching through to the under surface of the cant i levered 
g bimorph from the back side of the wafer. 

k scanning tunnelling microscope according to 
the teachings of the invention may be made by using any 
of the processes described herein to manufacture a 
bimorph tip movement structure and then placing the tip 
. sufficiently close to a conductive surface to be scanned 
such as by attaching to the substrate on which the 
bimorph is integrated another wafer containing the 
conductive surface to be scanned. Suitable known 
control circuitry may then be integrated on either 

25 substrate if it is of semiconductor material to sense 
the tunneling ciirrent and to control the voltages 
applied to the electrodes of the bimorph. 

The scanning tunneling microscope structures 
in integrated form described herein have many potential 

20 applications including imaging at the atomic level, 

atomic scale lithography and mass storage. Mass storage 
systems of very high density can be formed using such a 
structure by defining a discrete number of "cells" 
within the raster jscannable surface of a conductive 

25 plane formed adjacent to the tip. Bach cell constitutes 
one memory location. Each memory location is written as 
a 1 or 0 by depositing a molecule of sufficient size to 
be detected by the sceuining tunneling microscope within 
each cell to form a I and not depositing such a molecule . 

3Q in the cell to form a 0. As the scanning tunneling 

microscope raster scans over such a surface, thosft cells 
wherein molecules are deposited are read as ones as the 
tip is forced by its control system to move away from 
the surface to maintain a steaidy tunneling current as 
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the tip passes over the molecule. Essentially, the 
molecule forms a "hill" in an otherwise smooth surface. 
This hill causes the distance between the tip "and the 
top of the molecule to decrease, thereby substantially 
5 increasing the tunneling current. The control system 
detects this increase and sends the appropriate voltages 
to the bimorph cantilever to cause the tip to move away 
from the surface sufficiently to bring the tunneling 
current back down to the constant level for which the 

2Q system is calibrated. • This movement of the tip or 

change in the voltages sent to the bimorph electrodes is 
detected and read as a logic 1. Other circuitry keeps 
track of the tip position and signals as each new cell 
is traversed. Thus, such a movement of a tip as it 

15 traverses a particular cell can be read as a 1 and lack 
of movement as it traverses another cell can be read as 
a 0. Such mass storage systems have the potential for 
tremendous information storage density because of the 
small, atomic scale dimensions involved. 

20 Imaging applications of such a scanning 

tunneling microscope provide the ability to see the 
characteristics of surfaces on an atomic scale with 
greater resolution than has heretofore been attained. 
This allows the examination of such surfaces as 

25 semiconductor substrates during various stages of 
processing for research and development or quality 
control purposes. Vast numbers of other applications 
will be appreciated by those skilled in the art. 

30 Brief Description o g the Drawings 

Figure 1 is diagram of typical scanning 
tunneling microscope system. 
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Figure 2(a) and 2(b) are a view of a prior art 
discrete, large scale scanning tunneling microscope 
invented by IBM. 

Figures 3-10 are successive cross sectional 
5 views along the transverse axis of the bimorph - 

cantilever of the intermediate stages in a first process 
of fabrication of the preferred structure for an 
integrated single lever bimorph cantilever with tip for 
a scanning tunneling microscope according to the 
3 teachings of the invention. 

Figure 11 is a cross sectional view of the 
final scanning tunneling microscope preferred structure 
taken along the longitudinal axis of the bimorph 
cantilever. 

; Figure 12 is a plan view of the one cantilever 

bimorph structure according to the teachings 
of^th^ inyntion. 

^ figure 13 is a diagram of the four pairs of 
Jiei?|ro^s in the one cantilever bimorph used to explain 
^ov^rthi^e axis motion is achieved. 
4- Figure 14 is a table of the various voltages 

that^st be. applied to achieve motion in any particular 
axis. 

Figures 15-20 are cross sectional diagrams 
longitudinally through one bimorph of an alternative two 
bimorph piezoelectric transducer according to the 
teachings of the invention. 

Figure 21 is a transverse cross section of the 
bimorph construction in two bimorph embodiments. 

Figure 22 is a plan view of a two bimorph 
embodiment of the invention with no control circuitry 
integrated on the substrate. 

Figures 21-33 are cross sectional views of 
intermediate stages in the preferred process for 
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construction of an integrated piesoelectric transducer 
and scanning tunneling microscope having either the 
preferred structure shown in Figure 10 or the two arm 
structure shown in Figures 20 and 22. 
5 Figures 34(a) and (b) through 36(a) and (b) 

represent the types of X, Y and Z axis motion that can 
be achieved with single tip bimorphs having the 
structure shown in cross section in Figure 10. 

Figures 37(a) and (b) represent the types of 
IQ rotational motion that- can be achieved in two tip 
embodiments using a bimorph having the construction 
shown in Figure 10 to provide independent 2 axis motion 
and synchronous X and Y motion. 

Detailed Descript ion of the Preferred Embodiment- 

Before discussing the details of the preferred 
and alternative embodiments of the integrated 
piezoelectric transducer, a scanning tunneling 
microscope (STM) using this transducer and methods for 
making these structures, it would be helpful to 
understand the teachings pf the invention to explore the 
current state of the prior art in STM's. -Figure 1 
depicts a prior art scanning tunneling microscope system 
trtiich can be integrated according to the teachings of 
the invention. In Figure 1, a conductive surface 10 ' 
having topographical features 12 and 14, etc, is 
scanned by a conductive tip 16. This tip is very narrow 
at its point, and preferably terminates in a single atom 
at the point 18. 
3Q The point 18 is scanned over the conductive 

surface lO by a piezoelectric transducer 20. The 
purpose of this piezoelectric transducer is to scan the 
tip over the surface by defining a plurality of raster 
scan lines in the X-Y plane. The transducer 20 also 
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moves the tip back and forth along the Z axis as the tip 
is scanned in the X-Y plane so as to maintain a distance 
between the tip 18 and the uppermost portion of the 
topographical feature over which the tip currently 
5 resides at a more or less constant distance. This 

distance is usually around 1 to 10 angstroms, and must 
be within the overlap region of the probability density 
functions of the electrons for the atoms in the tip 18 
and the atoms in the uppermost regions- of the 

10 topographical feature over vhich the tip currently 

resides. As long as the distance between the tip and 
the surface is within the overlap region of the 
probability density functions (tunneling range - usually 
less than 10 angstroms) and a bias voltage is applied 

15 across this junction, a tunneling current will flow 
between the tip 18 and the conductive surface. This 
tunneling current is symbolized by the arrow I<r. 

The magnitude of the tunneling current Ix is 
exponentially related to the distance between the tip 

20 and the surface. The magnitude of the tunneling current 
will decrease when the distance becomes larger and 
increase when the distance becomes smaller/ To cause 
this tunneling current to flow, a bias voltage is 
applied between the tip 16 and the conductive surface 10 

25 by a bias voltagd source 22. A current sensor 24 senses 
the magnitxjde o£ the tunneling current I7 and outputs a 
feedback signal on line 26 which is proportional to the 
magnitude of the tunneling current. A feedback circuit 
in control system 28 receives this feedback signal and 

30 generates suitable piezotransducer driving signals on 

the bus 30 to cause the piezoelectric transducer to move 
the tip 16 in such a manner as to maintain the tunneling 
current It at a relatively constant value. The control 
system 28 also generates suitable piezoelectric 
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transducer driving signals on the bus 30 to cause the 
tip 16 to be raster scanned across the conductive 
- surface. ^ 

Figure 2 is a diagram of a typical scanning 
g tunneling microscope prior art structure as developed by 
IBM and as discussed in the above cited IBM Journal of 
Research and Deve lopment . Figure 2 shows the mechanical 
details of the structure. The microscope tip T is 
scanned over the surface of a sample S with a 
piezoelectric tripod (X, Y, 2) in Figure 2(a). A rough 
positioner L brings the sample within reach of the 
tripod. A vibration filter system p protects the 
instrument from external vibrations. In the constant 
tunneling current mode of <^eration, the' voltage Vz is 

15 applied to the Z piezoelectric element by means of the 
control unit CU depicted in Figure 2(b). The control 
unit keeps the tunneling current constant while the tip 
is scanned across the surface by altering the control 
voltages Vx and Vy. The trace of the tip generally 

2Q resembles the surface topography. Inhomogeneities in 
the electronic structure of the sample's surface also 
produce structure in the tip trace. This is illustrated 
on the right half of the sample S as two surface atoms ^ 
which have excess negative charge. 

25 Process »1 

Referring to Figure 3 there is shown an 
integrated structure representing an intermediate stage 
after the first several steps in a process for making an 
integrated scanning tunneling microscope using an . 
3Q integrated piezoelectric transducer. Fabrication starts 
with a substrate 32, Preferably this substrate is 
silicon or some other substrate suitable for forming * 
integrated electronic circuits. However, the sxibstrate 
may be any other material which is chemically. 
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mechanicalXy and thermally compatible with the materials 
which will be formed on top of the substrate. It is 
preferable to make the substrate 32 of a semiconductor 
material so that the control circuitry which w?ill be 
5 used to cause the tip movement via the piezoelectric 
bimorph can be formed on the same substrate as the 
bimorph itself. 

The first step in the fabrication sequence is 
to deposit a spacer layer 34 under the. portion of the 
10 bimorph that is to be cant i levered. The bimorph will be 
attached to the substrate at the end opposite the tip, 
so no spacer material is formed in this attachment 
region. This spacer layer will later be removed to 
provide a space between the uppermost surface (most 
15 positive Z coordinate) of the substrate 32 and the 
undersurface (most negative Z coordinate) of the 
piezoelectric bimorph which will be formed on top of the 
sp^r layef 34. This will provide a clearance space 
fo^'tl^^piJezoelectric bimorph to move along the Z axis. 
20 Paeferibl^ the spacer material is titanium, 

t^'tanlum^ungsten or polyiraide. This spacer layer must 
|e a^aterial such that it can be selectively etched 
jSrithou^aving.the etchant attack the material of the 
substrate 32 or the material of the overlying electrode 
25 and piezoelectric material layers. This class of 

materials will be hereafter referred to as the class 1 
group of materials. Any material which can be 
selectively etched without attacking the materials of 
the other layers will suffice for purposes of practicing 
30 the invention. Titanium/ tungsten alloy (10% Ti: 90% W) 
is a class 1 material selectively etchable by hydrogen 
peroxide if the conductors are aluminum and the 
piezoelectric material is zinc oxide. Polyimide is 
another example of a class 1 material which can be 
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selectively etched with an oxygen plasma. The thickness 
. of the spacer layer 34 should be adequate to provide 
sufficient space for the bimorph to move in the negative 
Z direction. * 
5 Next, a layer of conductive material is 

deposited on top of the spacer layer. This layer of 
conductive material is photolithographically patterned 
and etched to form three electrodes 36, 38 and 40. The 
purpose of these electrodes will become clear later when 

10 the operation of the entire structure is detailed. 
Note, that although electrode 38 is shown to be more 
narrow than the electrodes 36 and 40 in the figures, in 
reality the electrodes 36, 38 and 40 are usually all the 
same "size. This does not have to be the case however. 

15 The conductive layer from which the electrodes 36, 38 
and 40 are formed is preferably of aluminum and is 
deposited to 0.1 to 1.0 ii thickness. The electrodes 36 
and 40 are patterned to be approximately 3 t+ * u 
wide each. 

^0 Referring to Figure 4, there is shown another : 

intermediate stage in the fabrication of the integrated 
piezoelectric scanning tunneling microscope after the 
first layer of piezoelectric material has been f 
deposited. After formation of the first three 

25 electrodes, the next step in the process is to deposit 
the first layer of piezoelectric material over the 
entire surface of the chip. This layer 42 is zinc oxide 
in the preferred embodiment of the structure and is 
deposited to 2 u thickness by reactive sputtering in an ^ 

30 oxygen ambient. Methods for depositing zinc oxide are 
well known and are described in the following references 
which are hereby incorporated by reference: Rozgonyi and * 

Preparation of ZnO T hin Films By Snuti-^^^nq r,f 
the Compound in Oxvoen and Aroon. Applieri PTiyg4^«. 
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Letters, pp. 220-223, Vol. 8, Number 9 (196€}; Denburg, 
Wide-Bandvidth Hioh^ Couoling Sputtered ZnO Transducers 
on Sapphire. IEEE Transactions On Sonics and 
Ultrasonics, pp. 31-35, Vol. SU-18, No. 1, (Jih. 1971); 
5 Larson et al., RF Diode Sputtered ZnO Transducers . IEEE 
Transactions on Sonics and Ultrasonics, pp. 18-22 (Jan. 
1972);. Shiosaki et al., Lov- Frequency 
Piezoeleetric-Transduc er Applications of znO Film . 
Applied Physics Lett., pp. 10-11, Vol.35, No. 1, (1 July 
10 1974); Khuri-Yakirfs et al.. Studies of the Optimum 

Conditions For Growt h of RF-Souttered ZnO Fitms . pp. 
3266-3272, Journal of Applied Physics, Vol. 46, No. 8 
(Aug. 1975); Chen et al.. Thin Film ZnO-MQS Transducer 
.With Vir tually DC Response , pp. 945-948, 1985 
15 Ultrasonics Symposium of IEEE; Royer et al., ZnO on Si 
Integrated Acousti c Sensor , pp. 357-362, Sensors and 
Actuators, 4 (1983); Kim et al. , IC-Processed 
Piezoele ctric Microphone , pp. 4S7-8, IEEE Electron 
Device Letters, Vol. EDL-8, No. 10 (October 1987), 
20 Next, a layer of conductive material 44 is deposited 
over the first piezoelectric layer 42. The purpose of 
this conductfive layer is to form a center electrode 
between the two layers of piezoelectric material which 
will be used to form the bimorph. Preferably, the layer 
25 44 is alumintim and is deposited to 0.1 to 1,0 u 
thickness. From this layer a center electrode is 
photolithographically formed to be approximately 10 to 
200 u wide. 

Referring to Figure 5, there is shown another 
30 intermediate stage in the fabrication of the bimorph 

after the second piezoelectric layer has been deposited. 
This second piezoelectric layer 46 is zinc oxide in the 
preferred embodiment of the structure and is deposited 
to 2 u thickness. Next a layer of conductive material 
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is deposited on top of the second piezoelectric layer 
46. Preferably, this layer of conductive material is 
approximately 0.1 to 1.0 u thick aluminum. £n some 
embodiments, an additional 1000 angstroms of gold is 
deposited on top of the aluminum. From this conductive 
layer, three electrodes 48, 50 and 52 are formed by 
photolithographic patterning. These electrodes are 
aligned with the locations of the electrodes 36, 38 and 
40 and have the same widths as those electrodes. 
Preferably, the electrodes 48, 50 and 52 are deposited 
using lift-off techniques. 

Referring to Figure 6, there is shown an 
intermediate stage in the process of manufacture after 
the first few steps of the process of forming the tip on 
the center electrode 50 have been performed. 
Fabrication of metal cones by evaporation is not a new 
technique, but has been previously described by Spindt 
St al., J. Appl. Phys,., 47, 5248 (1976). Figure 6 
depicts an alternative embodiment of the tip formation' 
process using an integrated shadow mask. 

Basically the process of forming a tip having 
sufficient sharpness is best done through the use of a 
shadow mask. In Figure 6, this shadow mask is formed 
from layers which are deposited over the uppermost group 
of three electrodes 48, 50 and 52. m the preferred ' 
embodiment of the structure, a separate wafer is 
processed to form a shadow mask with alignment keys, and 
this separate vaf er is placed over the structure shown 
in Figure 5 by aligning the alignment keys on each. 
. wafer. The separate wafer and the structure of Figure 5 
are then processed to have lock and key physical 
characteristics such that the aperture in the shadow 
mask can be properly aligned over the center electrode - 
SO. In the alternative embodiment shown in Figure 6, 
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the first step in forming the integrated shadow mask i« 
to deposit a layer 54 of the class 1 spacer material. 
Again, this layer 54 must be selectively etchable by an 
etchant which will not attack the material of the 
5 electrodes 48, 50 and 52, or the zinc oxide of''-the 

layers 46 and 42. The layer of the spacer material 54 
need not be the same type of material as used in the 
spacer layer 34. However, the material of both of these 
layers must be within the class 1 group of materials. 
10 No patterning is performed on the layer 54, and it is 

allowed to cover the entire structure. Next, a layer 56 
of a class 2 material, preferably copper, is deposited 
over the spacer layer 54. A class 2 material is any 
material which may be selectively etched by an etchant 
^ 15 which will not attack the class 1 material used above 
and below it and which can be etched away after tip 
fojmation^without etching the material of the tip. In 

^6f§^red embodiment of the structure, the spacer . . 
liye^^-54^is 1000 angstroms of titanium/tungsten alloy. 
20 |peJ:ay^ 56 of class 2 material is preferably 2 |i of 
jropper.rf Next, a 5000 angstrom layer 58 of class 1 
^pacer^ater'ial is deposited over the class 2 layer 56. 
^ Figure 7 shows the integrated structure at an 
intermediate stage during formation of the tip after - 
25 etching of the spacer layer 58 and xjrtderetching of the 
class 2 layer 5S. The formation of the tip is. done by 
evaporation of a metal through a shadow mask aperture. 
This shadow mask aperture must be raised above the 
surface upon which the tip is to be formed so that a, 
30 cone of material may be built up before the shadow mask 
aperture is closed off by the deposition of the material 
on top of the shadow mask. In Figure 7, the shadow mask 
is the layer 58 and the shadow mask aperture is the 
opening 60 in this layer. The opening 60 is formed by 
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nsxng a selective etchant for the class 1 material of 
layer 58 and conventional photolithographic techniques. 
The aperture 60 is defined to be 1-2 u and is centered 
over the center of the electrode 50. Generally, the 
size of the aperture 60 should be much smaller than the 
size of the middle electrode 50. if the class 1 
material of layer 58 is titanium/tungsten alloy, a 
suitable etchant for this selective etching step would 
be hydrogen peroxide. 

After the aperture 60 is etched, the copper 
layer 56 must be etched back so as to underetcb the • 
perimeter of the aperture 60. The purpose for this 
underetching step is to provide clearance space for the 
walls of the tip cone which is to be formed later. The 
underetching step of the class 2 material of layer 56 is 
performed using a selective etchant which only attacks 
the Class 2 material, if layer 56 is copper, this etch 
IS performed using the aperture 60 as a mask and using a 
mixture of nitric acid, hydrogen peroxide, and water in 
a ratio of 10:1:100, respectively. That is, the etchant 
IS 10 parts HNOj to 1 part H2O2 to 100 parts HjO. 

Referring to Figure 8, there is shown the 
state of the structure in the intermediate stage of 
construction after formation of the tip but before 
removal Of those layers which were formed in the process 
Of forming the tip. Prior to the evaporation deposition 
Of the tip material, a third etch step is performed to 
selectively etch through the class 1 material of layer 
54 to form an aperture over the center electrode 50. in 
some embodiments, a cleaning step will then be performed 
to Clean the surface of the electrode 50 to prepare it 
for tip deposition. This is done to better insure 
adhesion of the tip material to the electrode 50. The 
selective etching of the layer 54 is performed using a ' 
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timed li<juid etch or plasma etch to expose the top 
surface of the electrode 50. This etching step also 
etches a little of the layer 58 and all of laj^r 54 down 
to the electrode SO. For this reason, the layer 58 
5 Should be formed at least twice as thick and preferably 
3 tiiaes as thick as the layer 54. A timed sputter etch 
is used to clean the surface of electrode 50 if needed. 
Where the boundary of the aperture in the layer 54 is 
relative to the boundary of the aperture in the layer 56 
10 depends upon whether a' liquid or plasma etch is used to 
etch the layer 54. The boundary of the aperture in. the 
layer 54 will be co located with the boundary of the 
aperture in the layer 56 for liquid etches and will be 
'approximately located with the boundary of the aperture 
15 60 in the layer 58 if a plasma etch is used. 

Next, the tip 66 is formed. In the preferred 
embodiment of the structure, this tip is formed by 
evaporation in vacuum of tantalum or some other class 3 
material. Any other material can be "used for the tip 66 
20 if it has the characteristics of a third class of 

materials hereafter defined. A class 3 material must, be 
such that it does not oxidize appreciably in air and it 
must be such that it will not be etched by the etchant 
used to selectively etch the class 2 material of layer 
25 56. Tantalum is such a material if copper is selected 
for the layer 56. Other possible materials for the tip 
would be aluminum coated with a noble metal by 
evaporation. Alternatively, the tip can be a noble 
metal standing alone, or any other conductor that can be 
30 selectively etched in the manner described above. 

The evaporation of the class 3 material 62 
from a point (approximately i-Sram) located far 
(approximately 10 cm) above the surface results in the 
formation of the layer 64. Note that as the evaporation 
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continues through the aperture 60, the aperture in the 
layer S4 slowly decreases in diameter as evaporation 
continues due to condensation of the evaporated material 
on the sidevalls of the aperture. As the diameter of 
; the aperture in the layer 64 continually decreases, so 
does the diameter of the cone of material in the tip 66 
being formed beneath this aperture. When the aperture 
in the layer 64 finally closes itself off, formation of 
the txp 66 is complete, and a very sharp tip (tip radius 
less than 1000 angstroms) wiU have been fabricated. 

Referring to Figure 5, there is shown a cross 
section Of the structure at an intermediate stage in the 
construction, after lift-off of the shadow mask layers 
and deposition of a zinc oxide etch mask layer 
Following the processing steps described with reference 
to Figure 8, it is necessary to remove the layers 54, 
56 58 and 64 so as to expose the tip 66, This is done 
us.ng a Ixft-off etch to remove the class 2 material of 
layer 56. This lift-off etch removes all the layers ' * 
above layer 54, i.e., the class 2 layer 56, the class 3 
layer 64 and the class 1 layer 58. 

Next, it is necessary to etch the 
piezoelectric layers 47 and 42 to dedne the aidevalls 
of the binorph caittilerer beam. This is done by 
photoltthographlcaUy patterning the ren«ining layer 54 
to.,n,e as an etch mask for the zinc o.ide as described 
Pnrriously. Layer 54 is patterned to have the 

•nd 72 Of this layer are located along the X a:cis 
outside Of the ed,es 7* ^ 76 of the metal electrode 

that the edges 74 and 76 of the middle electrode are 
completely encased in the zinc ozld. of the layers 46 - 
^ 42. The purpose for this is to prevent leakage 
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currents and arcing between the electrodes 36, 40, 44, 
48 and 52 which would lower the breakdown voltages and 
prevent the device from operating at high voltages. The 
purpose of formation of the etch mask 68 is to improve 
5 the resolutiori of the etching of the piezoelectric 
layers 42 and 46. Etching of piezoelectric material 
such as zinc oxide using photoresist provides very bad 
resolution as to the exact location of the edge of the 
piezoelectric material relative to the edge of the 

10 photoresist. It has been found that substantial 

improvements in the certainty of the location of this 
edge can be made by first forming an etch mask of the 
class 1 material such as titanium/tungsten alloy and 
then using this etch mask to guide the etching of the 

15 piezoelectric material. Thus, after the layer 68 is 

formed, a solution of 15 grams NaN03, 5 ml HNO3 and 600 
ml H2O is used to etch the piezoelectric layers 46 and 
42 back to the approximate location of the edges 70 and . 
72. 

20 After the tip is exposed, and the 

piezoelectric layers are etched, the spacer layer 34 is 
selectively 'etched away to free the cantilever. 

Figure 10 shows in cross section the preferred 
final piezoelectric bimorph transducer structure in 

25 integrated form according to the teachings of the 

invention after selective etching of the spacer material 
layers 34 and the etch mask layer 54. Note the aperture 
78 formed by the removal of the spacer layer 34. It is 
this void which allows the tip 66 to move along the Z 

30 axis under the influence of the forces generated by the 
piezoelectric material. 

Figure 11 shows a cross sectional view of the 
bimorph cantilever taken in the Y-Z plane, whereas the 
cross section of Figure 10 is taken in the X-Z plane. A 
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plan viev of the bimorph cantilever is shown in Figure 
12 looking down the z axis at the X-Y plane. Figure 12 
shows the locations of the sections taken in Eiigures 10 
and 11 as the section lines 10-10' and 11-11'^,- 
5 respectively. Note in Figure 11 the cantilevered nature 
of the bimorph structure, the bimorph being attached to 
the substrate 32 only in the area 80. The relative 
dimensions in Figure 12 may be not truly indicative of 
an actual design which would be commercially employed. 

10 Bonding pads 89, 91 and 93 are coupled by conductive 

paths to the two electrode pairs comprised of electrodes 
48, 36 and 44. Bonding pads 97, 99 and 101 are coupled 
by conductive paths to the two electrode pairs comprised 
of electrodes 52/40 and 44. Bonding pad 95 is coupled 

15 by conductive paths to both the electrodes 50 and 38 and 
the tip 66. In embodiments where the control circuitry 
is integrated on the substrate 32, the bonding pads 
shown in Figure 12 can be eliminated. 

20 ^Cessary Addition al Elements Needed For An STm 
I' ^? Referring again to Figure 11, there are 
»eve/a|f additional elements of a scanning tunneling 
Jmicroscbpe system which are necessary for converting the 
^ <=4tigever bimorph piezoelectric transducer shown in 
Figu^ 11 to a system having multiple commercial 
applications . An overlying wafer 82 having a 
conductive surface 84 is formed with a cavity 86 such 
that the wafer 82 may be physically attached to the 
substrate 32 with the conductive surface 84 overlying 
and within several microns of the end of the tip 66, 
such that the tip can be brought up to the surface 84 by 
bending of the bimorph. In the preferred embodiment of 
the scanning tunneling microscope (STM) structure, the 
vafer 82 may be Pyrex or silicon, but, in alternative 
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embodiments, the wafer 82 may be any other material 
which is mechanically, thermally, and chemically 
compatible with the materials used in the rest of the 
structure. Preferably, the material of the wafer 82 
g should be such that a good bond may be made between the 
wafer 82 and the stjbstrate 32, and such that suitable 
convenient fabrication techniques are known which may be 
vsed to form the cavity 82 and to attach a conducting 
surface 84 to the wafer 82. In still. other alternative 
embodiments, the wafer 82 may be itself a conductive 
material such that no separate conductive surface 84 
needs to be attached. In such embodiments, the cavity 
86 should be such that the portion of the wafer 82 of 
interest is scanned by the tip 66. Also, the electrodes 
36, 38, 40, 44, 48, 50 and 52 will have conductive 
pathways formed through the piezoelectric layers and 
across the surface of the substrate 32 to bonding pads 
such that the appropriate voltages may be applied to 
these electrodes to cause the tip 66 to scan in the 

20 <iesired manner. If- these conductive pathways pass 

between the surface of the substrate 32 and the mating 
surface of the wafer 82, the materials for these two 
structural elements must be selected such that the 
conductive pathways may be properly formed. 

25 In some embodiments, the control circuitry to 

supply the bias current to the tip 66 and to control the 
voltages applied to the various electrodes will be 
integrated on the substrate 32. The block 88 represents 
the integration of such known circuitry on the sxibstrate. 
in known manner. The position of the block 88 is 
illustrative only since this circuitry may be integrated 
on thft side of the substrate, in a recess in the 
substrate,, or on the reverse side of the wafer opposite 
the side from which the bimorph cantilever is formed. 
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It is preferred to integrate the circuitry at a location 
to minimize the complexity of routing the various 
signals and control voltages to the appropriatje nodes of 
the circuit. - 
5 The structure shown in Figure 11 can be used 

for mass storage, microscopic photolithography, imaging 
and other commercial applications. 

Referring to Figure 13, there is shown a 
schematic diagram of a cross section through the bimorph 

10 cantilever to illustrate how the various electrodes are 
operated to cause movement of the cantilever in the 
Cartesian coordinate system. The cross section of 
Figure 13 has the same orientation as the cross section 
10-10' in Figure 12. The vectors marked 1, 2, 3 and 4 

15 in Figure 13 represent the electric field vectors 
existing between the four pairs of electrodes. The 
electric field vector 1 represents the field between the 
electrode 52 and the center electrode 44. The electric 
field vector 2 represents the field between the center' 

20 electrode 44 and the outer electrode 40. The electric 
field vector 3 represents the field between the 
electrode 48- and the center electrode 44, and the 
Electric field vector 4 represents the field between the 
center electrode 44 and the outer electrode 36; In each 

25 case, the electric field is directly proportional to the 
potential difference applied to the pair of electrodes 
bounding the region of interest. 

The nature of the piezoelectric zinc oxide is 
such that if a field is applied in the z direction. 

30 (which is along the crystalographic C-axis of the 

material) that causes the material to contract along 
that axis, and the material simultaneously expands al^ang 
both the X and Y axes. Only expansions or contractions 
along the Y axis cause any bending of the bimorph. 
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Hence, the following discussion refets to Y-axis motion 
only. 

Referring to Figure 14, there is shown a table 
of the desired movements in the Cartesian coordinate 
5 system having the axes oriented as shown to the left of 
Figure 13, said table correlating these desired 
movements to relative expansions in the piezoelectric 
material in accordance with the relationships given on 
the right half of the table. The manner in which the 
10 table of Figure 14 is interpreted is as follows. If it 
is desired to cause movement of the bimorph of Figure 13 
in only the negative X direction, it is necessary to 
charge the electrodes 52 and 44, and 44 and 40, 
respectively, such that the relative Y-axis expansion of 

15 the piezoelectric material in the layers 46 and 42 
between these two pairs of electrodes is equal. 
Further, it is necessary to charge the electrodes 48 and 
44, and 44 and 36 such that the Y-axis expansion of the 
piezoelectric material in the layers 46 and 42 between 

20 these two pairs of electrodes is also equal, but such 

that the Y-axis expansion between the electrode pairs 48 
and 44, and 44 and 46, respectively, is less than the 
exparision between the electrodes 52 and 44, and 44 and 
40, respectively. In other words, if one thinks of the 

25 vectors marked 1-4 in Figure 13 as the relative 

magnitude of the Y-axis expansion of the piezoelectric 
material in the layers 46 and 42 in the localized areas 
through which these vectors pass, then to obtain 
negative X movement of the bimorph, it is necessary that 

30 the expansions in areas 1 and 2 be equal and greater 
than the expansions in areas 3 and 4. This causes 
movement of the bimorph in the negative X direction in 
the same mechanical fashion as a bimetallic strip works 
where one layer of metal in the bimetallic strip expands 
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less than the other layer of metal. This causes forces 
which tend to cause the strip to bend toward the strip 
which expands less. Prom Figure 14, it is seen that for 
positive X expansion the situation is exactly opposite 
5 as the situation previously described- That is, the 

expansions in the areas 3 and i are equal and exceed the 
expansions in the areas 1 and 2. Likewise, for negative 
Y movement, i.e., movement into the page of the tip 66, 
it is necessary to charge the electrodes 48, 52, 44, 36 

10 and 40 such that the piezoelectric material in regions 
1-4 all contract an equal amount. This contraction is ' 
signified as expansion less than zero. For positive Y 
movement, it is necessary to charge the same electrode 
such that regions 1-4 all expand by the same amount 

15 which is signified by an expansion greater than zero. 
For positive z movement, it is necessary to charge the 
electrodes such that regions 2 and 4 expand equally and 
greater than the expansion in regions 1 and 3. 
likewise, for negative Z movement, it is necessary to " 

20 charge the electrode such that regions 1 and 3 expand an 
equal amount and greater than the expansion in regions 2 
and 4. 

It is possible to obtain any desired movement 
in the Cartesian space defined by the 3 axes coordinate 

25 system to the left of Figure 13 by superin^wsing these 
relationships from any one axis upon the relationships 
for another axis. That is, if both negative X and 
positive Y movement is simultaneously required, the 
relationships from these two lines of the table of 

30 Figure 14 are superimposed such that all four regions 
are expanded equally by an amount A to obtain the 
desired Y component with an additional expansion of 
regions 1 and 2 by an amount B over the expansion of 
regions 3 and 4 to obtain the desired negative X - 
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component* Note that el«?ctrode 50 only serves as a 
signal connection to the tip 66. The bottom electrode 
38 is charged with the same bias voltage applied to the 
top center electrode 50 and the tip to eliminate any 
spurious, parasitic movements caused by expansion or 
contraction in the piezoelectric layer 46 under the 
center electrode 50. Any such movement is cancelled by 
the movements in the layer 42 caused by the charge on 
the bottom center electrode 38. 

Process #2 

Beginning at Figure 15, the fabrication of the 
two arm bimorph embodiment of a piezoelectric transducer 
according to the teachings of the invention is shown. 
Not6 that Figures 15 through 20 show a view of one 
bimorph lengthwise similar to the view shown in Figure 
11 of the transducer built according to the previously 
described process. 

Referring, to Figure 15, there is shown an ' " 
intermediate stage in the process of making an arm of a 
two arm bimorph using a backside etch technique. A 
substrate 92 is chosen which is preferably a 
semiconductor, but which may also be, in alternative 
embodiments, other materials capable of being 
micromachin'ed. Semiconductor is desirable for the 
substrate so that control circuitry may be integrated on 
the same die as the bijnorph itself. The first step in 
the process is to grow a SOD angstrom thick layer of 
silicon dioxide 94. Next, a 900 angstrom thick layer of 
nitride (Si3N4) is grown, and conventional 
photolithography techniques are used to define and etch 
a hole through the oxide layer 94 and nitride layer 96 
to expose the surface of the substrate 92 as shown at 
98. 
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Referring to Figure 16, there is shown another 
intermedxate stage in the construction of a two arm 
bimorph after etching of the cavity. After defining the 
location of the aperture in the silicon dioxide and 
nitride layers a^ shown in Figure IS, a KOH etch is used 
to etch a 350 ^ deep trench in the substrata 92, using 
the nitride layer as an etch mask. This trench is shown 
at 100. Thereafter, the nitride layer 96 is stripped to 
leave only the silicon dioxide layer 94. Alignment 
marks are then patterned into side A to allow alignment 
to the pattern on side B (see Figure 15). 

Figure 17 shows another intermediate stage in 
the process after deposition of the first electrode 
layer. The next step is to deposit 0.1 to 1.0 u of 
aluminum and to pattern it to form the electrode shown 

Figure 18 shows another intermediate stage 
after deposition of the first piezoelectric layer and 
formation of a center electrode. After forming the " ' 
electrode 102, a layer 104 of piezoelectric material is 
deposited. Thrs layer is 2 u of zinc oxide or some 
other piezoelectric material. Next, a O.i to 1 0 u 
layer of aluminum is deposited and patterned and etched 
to form the center electrode 106. 
^ Referring to Figure 19, there is shown an 

intermediate stage in the construction of the two arm 
airS! T'V"" """"^ °' Piezoelectric material 

tl dlf ..L ' ^ °' Pi-oelectric material ' 

or sorbin " ' '"^"^ ^"'^ '^^'^ - 

or some other piezoelectric material. Next, 0.1 to 1 0 

U Of aluminum and 1000 angstroms of gold are deposited 

over the piezoelectric layer 108. This layer of 

conductive material is then patterned and formed using 
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lift-off techniques into the top electrode 110 and a tip 
electrode 112. 

Referring to Figure 20, there is shown another 
intermediate stage in the construction of the"''two arm 
5 bimorph after the tip has been formed and the structure 
has been underetched to free the bimorph. The process 
for forming the tip 114 is the same as described with 
reference to Figures 3-10. After the tip is formed, the 
zinc oxide is patterned and etched to .form the edge 116. 
10 This process is done using the same class 1 etch mask 
material as was used in the process described with 
reference to Figures 3-10. Finally, a plasma etch is 
used to etch through the remaining substrate 92 to the 
silicon dioxide layer 94 to free the bimorph arm from 
15 attachment to the substrate 92 along the area 118. 

Figure 21 shows a cross section through the 
bimorph of Figure 20 along the section line 21-21' in 
Figure 20. As can be seen from Figure 21 only two pairs . 
Of electrodes .exist in the bimorph of Figure 21, These 
20 two pairs of electrodes are the electrode 110 and the 
electrode 106, and the electrode 106 and electrode 102, 
respectively. Those skilled in the art will appreciate 
that this structure will allow the bimorph to bend up 
and down along the Z axis and expand or contract 
25 longitudinally along the X axis. 

In order to get 3 axis Cartesian coordinate 
movement, a second arm having the structure shown in 
Figures 20 and 21 must be formed and joined to the 
bimorph of Figures 20 and 21 at the location of the tip 
30 114. A plan view of the structure of this bimorph 
arrangement is shown in Figure 22. 

Referring to Figure 22, the section line 
20-20' indicates the position of the section through the 
structure of Figure 22 as shown in Figure 20. In the 
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Structure shown in Figure 22, tvo bimorph arms, 116 and 
118, extend from the substrate 92 at right angles joined 
at the approximate location of the tip 114. Thie bimorph 
116 can move the tip 114 up and down along the'*-Z axis 
5 and longitudinally along the X axis. The bimorph 116 
can move the tip up and down along the Z axis and 
longitudinally along the Y axis. The bimorph 118 has 
its three electrodes 110, 106 and 102 coupled 
respectively to the bonding pads 120, 122 and 124. 
20 These connections are made via electrical conductors 

126, 128 and 130, which are photolithographically formed 
simultaneously with the electrodes 110, 106 and 102 on 
the surface of the substrate 92. The tip 114 is coupled 
by an electrical, conductor 132 to a bonding pad 134. 
15 The corresponding three electrodes of the bimorph 116 
are coupled to bonding pads 136, 138 and 140. in 
alternative embodiments, the circuitry to drive bias 
voltages onto the six electrodes to cause movement of 
the tip and to bias the tip 114 with a correct voltage' 
20 could be integrated on the substrate 92 thereby 

eliminating the need for the bonding pads shown at the 
bottom of Pfgure 22. In such an embodiment, bonding 
pads would be present for supply of power to the 
circuitry used to bias the tip and drive the electrodes. 
Process *3-Pr^f PrT-ort 

The process described below is preferred to 
make either the one arm piezoelectric transducter havirig 
the structure of Figure 10 or the two arm bipod 
piezoelectric transducer shown in plan view in Figure 22 
and in cross section in Figure 20. Referring to Figure 
23, there is shown an intermediate stage in the 
preferred process for manufacturing a scanning tunneling 
microscope. The first step in the process is to clean a 
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[100] silicon wafer of 380 micron thickness vith a 
standard acid clean. The details of this cleaning 
process are given in Appendix A which is a detailed 
process schedule for the preferred process. Nsxt, a 
5 layer 136 of silicon dioxide is thermally grown' to a 
thickness of 5000 angstroms. Then, a layer 138 of 
silicon nitride is deposited to 1000 angstroms thickness 
over the silicon dioxide using low pressure chemical 
vapor deposition (i;,PCVD>. 
10 Referring to- Figure 24, there is shown the 

next stage in process after etching the backside pit; ' 
TO free the bimorph cantilever to be formed later in the 
process, a backside etch is used. The first step in 
this process is to etch a pit in the backside. Negative 
15 photoresist (not shown) is applied and patterned to 

define the location of the pit. An oxygen plasma etch 
is then used to remove any remaining scum from the 
opening in the photoresist where the pit is to be 
formed. .The details of this plasma etch are given in 
2Q Appendix A. Next, the nitride layer 138 is etched using 
an SFs and F13B1 plasma etch at a ratio of 1:1. Then, 
the oxide layer 136 is etched using a 6:1 buffered oxide 
etch solution (BOE). Following these two etch steps, 
the remaining photoresist (not shown) is removed and the 
25 wafer is cleaned using the process detailed in the 
appendix. Then 340 microns of silicon from the 
substrate 140 are etched away using the nitride/oxide 
layers as an etch mask. This etch is performed using a 
30% KOH etch at 80 degrees C. The wafer is then rinsed 
30 in a 10:1 H20:HC1 solution, followed by a rinse in 
deionized water. This leaves the pit 142. 

The substrate 140 has a polished front surface 
144. Alignment marks are etched in this surface to 
facilitate the alignment of the various patterning steps 
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to one another. Figure 25 shows the wafer after this 
alignment mark 146 has been etched. The procedure for 
forming these alignment marks starts by patterning 
photoresist to. define the positions of the alignment 
marks 146. Then an oxygen plasma etch is used to descum 
the openings and the nitride layer 138 and the oxide 
layer 136 are etched using the same procedure defined 
above in describing Figure 24. A deionized water rinse 
and nitrogen ambient dry cycle are performed followed by 
etching of 3 microns of silicon using a 1:1 SP6:C2C1P5 
plasma etch. The wafer is then cleaned in accordance " 
vith the procedure outlined in Appendix A, and . the 
remaining photoresist is removed. The layer of nitride 
138 is then stripped using concentrated H3PO4 at 165 
degrees C for 1 hour followed by a deionized water rinse 
and a nitrogen ambient drying cycle. 

The next stage is shown in Figure 26. To 
de^sit the, bottom electrode 148, the pattern of the 
el|ctg)de^is defined with a positive resist liftoff " " 
p^cess.f Then the metal of the electrode is deposited 

ei«ct|3n-beam evaporation deposition of 1000 
ygs-troi^ of aluminum at room temperature. The excess 
tluminu^ is lifted of by soaking the wafer in hot 
acetoner The wafer is then rinsed in fresh acetone, 
methanol and deionized water and dryed in a nitrogen ' 
ambient. 

Figure 27 defines the next stage in the 
process. After deposition of the lower electrode, it is 
necessary to deposit the piezoelectric layer. This is 
done by first sputter cleaning the surface for 30 
seconds and electron beam evaporation deposition of 1000 
angstroms of silicon dioxide 150 on the substrate while 
holding the substrate at a temperature of 200 degrees C " 
Next, a 2 micron layer 152 of zinc oxide is sputter 
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deposited using a zinc target in 5:1 02:Ar gas ambient 
at 30 mTorr. During this process, the substrate is held 
to 300 degrees C. Then, a 1000 angstrom layer 154 of 
silicon dioxide is deposited over the zinc oxide by 
5 E-beam evaporation with the substrate at 200 degrees C. 

Figure 28 shows the intermediate stage in the 
process after the middle electrode is formed. To 
deposit the middle electrode IB6, the pattern for the 
electrode is defined using mask #4 and positive resist 

10 and a liftoff technique. Next, a 1000 angstrom layer of 
aluminum is deposited by electron beam evaporation u&ing 
a room temperature wafer holder. The excess aluminum is 
then lifted off by soaking the wafer in hot acetone. 
The wafer is then rinsed in fresh acetone, methanol and 

15 deioaized water followed by a drying cycle in nitrogen 
ambient. 

Figure 29 shows the, stage of the process after 
the upper oxide layers have been deposited. The first 
step in this process is to sputter clean the wafer for 

20. 30 seconds. Next, 1000 angstroms of silicon dioxide 1S8 
are B-beam evaporation deposited with the substrate held 
at 200 degrees C. The top layer of piezoelectric 
material 160 is formed by depositing 2 microns of zinc 
oxide using a zinc target in a 5:1 mixture of oxygen and 

25 argon at 30 mTorr with the substrate at 300 degree C. ■ 
Finally, a 1000 angstrom layer 162 of silicon dioxide is 
E-beam evaporation deposited over the zinc oxide with 
the s^Jbstrate at 200 degrees C. 

Figure 30 shows the state of the wafer after 

30 the top electrode is formed. The top electrode 164 is 
formed by defining the pattern using a positive resist 
liftoff process. Then 500 angstroms of aluminum are 
deposited using a room temperature wafer holder and 
E-beam evaporation. This deposition is followed by an 
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E-beam evaporation deposition of 500 angstroms of gold 
using a room temperature wafer holder. The excess gold 
and aluminum are then lifted off by soaking t1i_e wafer in 
hot acetone. The wafer is then rinsed in fresh acetone, 
methanol and deionized water and dryed in a nitrogen 
ambient. 

Figure 31 shows the wafer after the oxides 
have been patterned. The first step in this process is 
to sputter deposit 3000 angstroms of titanium/tungsten 
using an unheated wafer holder. Then the pattern for 
the oxide is defined in the titanium/tungsten layer 
which is to be used as an etch mask. This is done by 
defining the desired pattern in photoresist deposited on 
the titanium/tungsten and etching the titanium/tungsten 
layer using 30% H2O2 for 30 minutes at room temperature. 
The wafer is then rinsed in deionized water and dryed in 
a nitrogen ambient- Patterning of the oxides then 
begins with etching of the topsilicon dioxide layer 1S2 
using 61I buffered oxide etch, followed by a deionized 
vater rinse. The x^per zinc oxide layer 160 is then 
etched in a solution comprised of; 15 grams of NaNOs, 5 
ml 600 ml H2O followed by a deionized water rinse. 

The middle layer 158 of silicon dioxide is then etched 
in the same manner as the layer 162, and the bottom 
layer 152 of zinc oxide is then etched using the same 
solution makeup as was used to etch the top layer 160. 
The bottom layer of silicon dioxide 150 is then etched 
using the same solution makeup used to etch the other 
layers of silicon dioxide. The wafer is then rinsed in ' 
deionized water and dryed. Kext, 3 microns of silicon 
are removed from the top of the wafer in regions where 
all upper layers have been removed to expose the silicon 
substrate. This is done using a 1:1 SFgrCzClFs plasma ' 
etch. The wafer is then cleaned and the resist is- 
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stripped using acetone, methanol and deionized water. 
The remaining titanium/tungsten etch mask is then 
removed in 30% H2O2 for 30 minutes at room temperature. 
The wafer is then rinsed in deionized water and,_dryed. 
5 After the oxide layers are etched, the bonding 

pad metal is deposited by defining the pattern by a 
positive photoresist liftoff process. The metal is the 
deposited using B-beam evaporation of 1 micron of 
aluminum using a room temperature wafer holder. The 
10 excess aluminum is then lifted off by soaking the wafer 
in hot acetone. The wafer is then rinsed in fresh 
acetone, methanol and deionized water and dryed. 

Next, the wafer side B is scribed using a 
diamond-tipped saw, 
15- Figure 32 shows the wafer after the shadow 

mask for tip formation has been put into place and the 
tip deposition has taken place. First, the wafer is 
sputter Cleaned for 30 seconds. Then, a separate wafer 
is -fabricated to have the cross section shown in Figure 
20 32. This wafer has an aperture 166 formed therein and 
has alignment marks that match the alignment marks 146. 
The wafer of the shadow mask 168 is then attached to the 
substrate 140 with alignment marks matched so as to 
locate the aperture 166 over the desired location on the 
25 top electrode 164 for the tip 168. After, the shadow 
mask is in place, 5-10 microns of the desired tip 
material, e.g., niobium or tantalum, are deposited 
through the aperture 166 to form the tip 168. Note, 
that in the preferred embodiment, the structure of 
30 Figure 32 will be formed at multiple locations on the 
wafer, and only one shadow mask 168 will be used with 
multiple apertures at all the desired tip locations for 
all the cantilevers. Finally, the shadow mask is 
carefully removed so as to not damage the tips. 



PHI 300870 



wo 89/07258 



PCT/US89/00243 



-ag- 



io 



Next, the cantilevers are separated from the 
substrate along part of their length. Figure 33 shows 
the structure after this process has been performed. 
Separation is accomplished by depositing 10 microns of 
positive resist on side A of the wafer to protect the 
structure just described. The wafer is then subjected 
to a backside etch to etch through the remaining silicon 
membrane at the bottom of the pit 142 .by subjecting side 
B of the wafer to a 3:1 SP6:C2C1F5 plasma etch. The 
details of this etch are specified in Appendix A. The 
photoresist is then stripped using acetone, methanol and 
an air dry cycle. The individual die are then separated 
by cracking the wafer along the scribe lines. 

The presence of the silicon dioxide layer 136 
15 has been found to promote better growth of the aluminum 
layer 148 which also improves the growth of zinc oxide 
layers 152 and 160. it also allows conductive paths to 
be foraed beneath the cantilever without being shorted 
out by the metal of the layer 148-. The presence of the 
20 silicon dioxide layers 150 and 158 promotes better 
growth of the zinc oxide layers 152 and 160. The 
presence of the silicon dioxide layers 154 and 162 aids 
in balancing stresses in the cantilever which can build 
up during the deposition processes of forming the 
25 cantilever. That is, the same stresses will build up* in 
the silicon dioxide layers 154 and 162 when they are 
deposited as build up in the silicon dioxide layers 150 
and 158 when they are deposited. Accordingly, the 
stresses are balanced. Also, the silicon dioxide 
layers separating the pairs of electrodes increases the 
breakdown voltage, m alternative embodiments, the 
silicon dioxide layers may be omitted or other materials 
can be substituted. 



30 
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The preferred method just described can be 
used to make either the "one-arm" or bipod type of 
piezoelectric transducer. The principal difference 
between these two different structures is in the number 

5 of electrode pairs that are formed inside each " 

integrated cantilever. The one arm type of bimorph 
needs to have St least four pairs of electrodes formed 
to obtain 3 axis movement. If the one arm type of 
integrated transducer is to be used for a scanning 

10 tunneling microscope, 6 pairs of electrodes must be 

formed so that electrical connection can be made to the 
tip and the spurious piezo effects by this tip electrode 
can be cancelled out. For a two arm bipod type of 
transducer, only two pairs of electrodes need be formed 
'^^ in each bimorph arm. Obvioiis modifications to the above 
described process for the steps of forming the top 
electrode 148 and the bottom electrode 164 can be made 
depending upon the type of integrated piezoelectric 
transducer to be fabricated. 

20 Referring to Figures 34(a) and (b) through 

36(a) and (b) there are illustrated the movements which 
may be achieved with a one arm bimorph integrated 
piezoelectric transducer with the electrode structure 
shown in Figure 10. The (a) and (b) illustrations of 

25 each figure depict both the positive and negative 

movements on the associated axis. Figure 37(a) and (b) 
illustrate the type of rotational movement which may be 
achieved for two tip embodiments to have independent 
Z-axis movement for each tip. The tips move together 

30 along the Y and X axes however. 

Typical performance parameters are as follows. 
If a dipod structure is considered with aluminum 
electrodes one micron thick and zinc oxide layers which 
are two microns thick, and the legs are each 1000 
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microns long aiid 100 microns wide, then the bipod will 
be able to mov^e the tip 20 angstroms per volt ''in the X 
and y axes and Q,& microns per volt in the Z axis. The 
breakdown voltage is 30 volts and the scannable area is 
5 600 angstroms by 600 angstroms or 360,000 square 

angstroms. If a single arm cantilever bimorph with the 
same dimensions as given in this paragraph is 
considered, 200 angstroms per volt of movement in the X 
axis and 20 angstroms per volt in the Y axis can be 

10- acheived. Movement of 0.6 angstroms per volt in the Z 
axis can be achieved. Thus, the scannable area for the 
single arm bimorph is 10 times larger than the dipod 
since the X axis movement is ten times greater per volt. 
The bimorph design must be such that the tip can be 

15 moved within tunneling range of the conductive surface 
for STM applications. 

Although the invention has been described in 
terms of the preferred and alternative embodiments 
detailed herein, those skilled in the art will 

20 appreciate many modifications which may be made without 
departing from the spirit and scope of the invention. 
All such modifications are intended to be included 
within the scope of the claims appended hereto. 
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IVefemd Planar STM Process 



1. DepositicHi oTinask materials 

la. Clean 380 itm dude (100) wafer using standaxd add dean*** 
lb. Thennally grow 5000 A SiCb 
la Dei>osU lOOOA SbN4 using LFCVD 

2. Etch KOH pits fiom hadcside (rough soiface, side B) 

2a. Using mask #1 «d negative phototsist, define KOH squares ' 
2b. Oxygen plasma* for 1 min to 'Descum' <»>emngs 
2c Et(^ Si3N4 using SF6 and F13B1 (1:1) plasma etdi 
2d. Etdi 5iQ2 layer udng 6:1 bufieied Oxide Etdi 
. 2e.Stt^iAotoiesist and dean wafer** 

2e. Etdi 340 of silicon fiom backside using 30% KCe at 80^ 
2L Rinse wafer using 10:1 IfzOdHa'scdndon 
2g. Rinse in de>iooized water (DDdien dry in 1^ 

3. Etch Alignment maris on iGnontsjde pushed side, ade A) 

3a. Using mask #2 and positive resist, define alignment maries 
3b. Oxygen plasma* for 1 min to Dcscum' openings 
3c. Etch Si3N4 using SFe and F13B1 (1:1) plasma* etch 
3d. Etch Si02 layer using 6:1 buffered Oxide &di (BOE) 
3e. Rinse in DI then diy in N2 
3fl Etch 3 )un of Si using 1:1 SF6:C2CIFs plaana esch 
3g. Clean wafer using standard add idean (stiro resist)** 
3h. Str^i Si3N4 using concenaated HjPO^ @ leS^C for 1 far 
3L RinseinDIdten dtyin)>^ 

4. Deporit bottom dtorodes 

4a. Define pattern w/ mask #3, positive resist and liJftoff process 
4b. E-beam evaporate lOOOA Al using jotxn tesEqp. wafer bolder 
4c. Tifu:>fr' excess Al by soaking wafer in hot Acemne 
4d. Rinse wafer in finsh Acetrae, Methanol, tt^ DI, then dry in N2 

5. Dq»sit lower oxides 

5a. Sputter dean sur&ce. 30 sec 

5b. E-beam evaporate lOOOA SiOi substrate is heated to 200'*C 

5c. Sputter depoat2fimZhO using 2otaiget in 5:1 C)2:Ar gas. 30mTotr. - 

Substrate hdd to 300^C 
Sd. Ebeam evapontB lOOOA substiate is heated to 200^ 

6. Dqposit n^e dec&ttdes 

6a. Define pattern w/ made #4. positive rerist and Uft(^ process 

6b. E-beam evaporate lOOOA Al uang cold wafer holder 

6c. "Liftoff" excess Al by soaking wafer in hot Acetone 

6d Rinse wafer in finesh Acetone, Methan(^ and DI, then dry in N2 

7. Depoat upper oxides 

7aL Sputter dean surface, 30 sec 

7b. &beam evaporate lOOOA Si02 substrate is bdd to 200*>C 

7c Sputter depodt 2um 7a0 uang Zn target in 5:1 Oj^Ia eas. SOmTcrr. 

Substrate hdd to 300»C 
7d. E^xam evapcnie lOOOA SK)2 substrate is held to 200°C . 

8. D^porit Top electrodes 
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8a. Define pattern w/ mask #5. positive resist and liftoEf process 
804 E>beam cvipcmc SOOA Al udng room teinp. wafer oolder 
8c. E-beam ev^xnaie 50QA Au (Gold) onng lOom temp, wafer I 



8d TLiftor excess AI and An soaJang wafe m hot A 
8e. Rinse wafa in fineA Acetone, Methanol, and DI. then diy In 
9.Pattem2hQ 

9|L, Spatter dqpodt 3000A WW uang room temp, wafer bdder 

9b. Define pattern w/mask liS. po^dve resist 

9c.PtotteinTWusing3CW&H2<^»30inin@nx)mtcnm. 

9d. Rinse in DI then (by in N2 

9e. Etch fop Si02 using 6:1 BOE U nun). Rinse in DI 

9f. Et^^j^^O fa foUowuigsdlution: 15 g NaN03, Sml HN03, 600 ml 

9g. Etch xniddle layer SiOz using 6^ BOE (2 sdnX Rinse in DI 

9h. Etch lower 2^0 In f(dIowing soiudoo: 15 g NaN03» 5ail I!N03. 600 nd 

HzO^RinsemDI . - 
9L Etch bottom layer Si02 using 6:1 BOE (1 imn), 
9j. Rinse m DI dien diy in N2 
9k. Etdi 3 |un of Si using 1:1 SF6.-C2CIF5 plasma etch 
9L C3ean wafer, strip resist using Acetone, Medianol, and DI 
9ia. Stiip twin 30% H2O2 (30 min @ xoom iBim>.) 
9n. Rinse in Dldiendiy mNi 

laDepbidtbcMidingpad metal 

IGa. Define pattern w/ mask #7, poadve resist and liftoff process 
10b. E-beam evaporate I.O|xm AI usingioom temp, wafw holder 
lOc HiftoSr excess Al by soaking wafer in hot Acenme 
lOd. Rinse wafer m ficesh Acetone. MedianoU and DI dien d^ m 

11. Scribe wafeis on Side Busing saw • • 

llDepodtHps 

12a. foutter dean sut&ce fir 30 seconds 

"!??52^5?^i*f! *°P of wtfer. align to pattern usmg -key* formed 
«SfliAl/2iCyAl^CyAttpat«em . 

12d. ^£^y zoJo^ ^^vJS^wSd^^Sg dps 

13. Separate cantflevers fiom substrate 

13a.D^osit lOfimlayerposidveieaston Side A 

13b. Etch diiDugh Si membiane firom side B using 3:1 SF6:C2CaF5 Plasma* 

13c. Snip pbcMoresist in Acetone & Medianol air dry 

14. Sk^mte dies (or 'chipsO by cnu:kmg wafer alc«g scribe Unes 

* Att plasma etches are pcffionned ndng Power » 500W at 200 mToir pre^^ 
mm. unless odierwise stated 

*♦ Standard dean for removmg negative photorcast 

**b ^ H2S04:H202 for 20min 

♦♦c* Soak fa 4:1:1 H2aH2S04:H2Q2 at 90°C for 20 nnn 
•*d. Rinse fa DI dien diy fa N2 

*** Standard Pre-Oxidadcm Qean 

♦♦*a. Perfonn above dean C* Standard dean fbrremovfag nqgadve photoresist) 
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***b. Soak in 10:1:1 H^MO-R^ at 90«*C for20 nan 
***c. Rinse in DI 

•**d. Soak in 10:1:1 H2OiNH4OH:H2Q2«90"C for20mBi 
•**e. Rinse in DI 

***f. Dip in 50:1 BOE f«- 30 sec at 23T (ambient) 
***g. Rinse in DI then dzy in N2 
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WHAT IS CT.&7T^p 

1. An integrated scanning tunneling microscope 
coa5>rising: 

a substrate; 

a piezoelectric bimorph cantilever attached to said 
substrate at one end and with the other-, end having a 
protruding, conductive, tip formed thereon, said tip 
terminating in a point, said bimorph further comprising 
two layers of piezoelectric material sandwiched between 
multiple pairs of electrodes in such a manner that three 
axis movement of said bimorph is caused by applying suit- 
able potentials to said multiple paiis of electrodes; 

a conductive surface; 

means for holding said conductive surface within the 
region of spatial overlap of the probability density 
function for the electrons of the atoms in said tip and 
the electrons of the atoms of said conductive surface? 

bias means for applying a bias potential between said 
tip and said conductive surface sufficient to cause 
tunneling current to flow between said tip and said 
conductive surface; 

control means coupled to said bias means and coupled 
to said multiple pairs of electrodes for sensing the 
magnitude of the tunneling current, flow and for adjusting 
the potentials applied between the appropriate pair or 
pairs of said electrodes so as to move said tip in a 
manner to stabilize said tunneling current; 

wherein said means for holding said conductive 
surface close to said tip is a second substrate having a 
cavity formed therein and having said conductive surface 
In said cavity, said second substrate attached to said 
•Ubstrate so as to place said cavity over said bimorph 
such that said bimorph has room to move in all three axes 
and such that said conductive surface is held close to 
said tip such , that the motion of the said bimorph is 
sufficient to bring said tip within tunneling range of .the 
said conducting surface. 
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2. An integrated scanning tunneling microscope 
comprising: 

a substrate; 

a piezoelectric blmorph cantilever attached to said 
substrate at one end and with the other end having a 
protruding, conductive tip formed thereonV said tip 
terminating in a point, said bimorph further comprising 
two layers of piezoelectric material sandwiched between 
multiple pairs of electrodes in such a manner that three 
axis movement of said bimorph is caused by applying 
suitable potentials to said multiple pairs of electrodes; 

a conductive surface; 

means for holding said conductive surface such that 
the movement of said bimorph is sufficient to bring said 
tip within tunneling range of said conductive surface; 

bias means for applying a bias potential between said 
tip and said conductive surface sufficient to cause 
tunneling current to flow between said tip and said 
conductive surface; 

control means coupled to said bias means and coupled 
to said multiple pairs of electrodes for sensing the 
magnitude of the tunneling current flow and for adjusting 
the potentials applied between the appropriate pair or 
pairs of said electi:odes so as to move said tip in a 
manner to stabilize said tunneling current. 

3. The apparatus of claim 2 wherein said control means 
is integrated circuitry formed on said substrate. 

4. The apparatus of claim 2 wherein said bimorph 
comprises: 

a first conductive layer patterned into a plurality 
of electrodes including means for applying different 
electrical potentials; 

a first layer of piezoelectric material formed over 
said first' conductive layer; 

a second conductive layer formed over said first 
layer of piezoelectric material; 
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a second layer of piezoelectric material fonaed -over 
said second conductive layer; and 

a third conductive layer formed over said second 
layer of piezoelectric layer patterned into a plurality of 
electrodes aligned with said plurality""- electrodes 
patterned in said first conductive layer, 

5. «Ehe apparatus of claim 4 wherein said first and 
second layers of piezoelectric material are zinc oxide 
lead zireonate titanate. 

6. The apparatus of claim l wherein said blmorph 
comprises: 

a first conductive layer formed into at least two 
independent electrodes in<audiiig means for charging each 
electrode independently of any other with an electric 
potential; 

a first piezoelectric layer formed over said first 
conductive layer; 

a second conductive layer; 

a second piezoelectric layer formed over said second 
conductive layer; and 

a third conductive layer formed over said second 
piezoelectric layer and formed into at least two indepen- 
dent electrodes including means for charging each 
electrode with an electric potential, 

7 , The apparatus of claim 6 wherein said bimorph 
cantilever is comprised of two bimorph cantilevers which 
are attached to said substrate at separate points and 
Which extend out over the substrate at right angles to 
each other, from the respective points of attachment and 
tAich are Joined at the location of said point. 

8. An integrated apparatus ccmprising: 
a semiconductor substrate; 

an integrated bimorph cantilever having first and 
second ends, said first end attached to said substrate and 
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having a tip at said second end, said tip having a point, 
said bimorph comprising: 

a first conductive Xayer patterned into a plurality 
of Electrodes each electrode with different electrical 
potentials; ^ 

a first layer of piezoelectric aaterial formed over 
said first conduotive layer; 

a second conductive layer formed over said first 
layer of piezoelectric material to form a center 
electrode; 

a second layer of piezoelectric material formed over 
said second conductive layer; and 

a third conductive layer formed over said second 
layer of piezoelectric layer patterned into a plurality of 
electrodes aligned with said plurality electrodes 
patterned in said first conductive layer; 

a conduotive surface; 

means coupled to said substrate for holding said 
conductive surface within a region such that the movement 
of said bimorph is sufficient to bring the tip within 
tunneling range of said conducting surface; 

control means integrated on said substrate and 
coupled to said tip, said conductive surface and to said 
electrodes of said bimorph cantilever for providing a bias 
voltage between said tip and said conductive surface, and 
for measuring the current flowing between said tip and 
said conductive surface, and for causing the appropriate 
voltages to be applied between the appropriate pairs of 
electrodes to cause said tip to move in an appropriate 
manner so as to maintain a desired tunneling bias current. 

9. The apparatus of claim 8 wherein said piezoelectric 
material is zinc oxide or lead zirconate titanate and 
wherein said electrode are aluminum. 

10. ThB apparatus of claim 9 wherein said tip is 
tantaltna. 
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11. OJhe apparatus of claim 9 wherein said tip is niobium. 

12. The apparatus of claim 9 wherein said tip is made of 
aluminum coated with, a noble matal. 

13. The aK>aratus of claim 9 wherein said tip is a noble 
metal. 



14. 



The apparatus of claim 9 wherein said tip is any 
electrical conductor. 



15. The apparatus of claim 2 where said means for holding 
holds said conductive surface- within approximately lo 
angstroms of said tip. 

16. An integrated scanning tunneling microscope 
coB^rising; 

a substrate? 

a piezoelectric bimorph motion transducer attached to 
said substrate, and having an end cantilevered in free 
space and having a protruding, conductive tip formed 
thereon, said tip terminating in a point where said tip 
has the physical shape, orientation and size character- 
istic of en integrated tip structure formed by evaporation 
Of conductive material through a shadow mask formed of 
aask material having an aperture aligned over said 
cantilevered end using integrated circuit manufacturing 
techniques, said motion transducer including a plurality 
of pairs of electrodes for receiving signals to cause said 
motion transducer to move? 
a conductive surface; 

means for holding said conductive surface such that 
the movement of said motion transducer is sufficient to 
bring said tip within tunneling range of said conductive 
surface; 

biae means for applying a bias potential between said 
tip and said conductive surface sufficient to cause 
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tunneling ctirrent to flow between said tip and said 
conductive surface; 

control means coupled to said bias means and coupled 
to said plurality of pairs of electrodes, for sensing the 
magnitude of the tunneling current flow and for adjusting 
the potentials applied between an appropriate pair or 
pairs of said electrodes so as to move said tip in a 
nuumer to adjust said tunneling current to a desired 
level. 

17. The apparatus of claim 16 further comprising a 
conductive surface to be scanned integrally attached to 
said substrate located so that the said motion transducer 
is able to bring said tip within tunneling distance from 
said conductive surface. 

18. The apparatus of claim 16 wherein said motion 
transducer comprises: 

a first piezoelectric bimorph having first and second 
ends and attached to said stibstrate at said first end and 
having said second end extending into free space away from 
said substrate; 

a second piezoelectric bimorph having first and 
second ends, said first end attached to said substrate and 
said second end extending into free space away from said 
substrate and attached to said second end of said first 
bimorph. 

19. The apparatus of claim 18 wherein said first and 
second bimorphs each comprise a first film of piezoelec- 
tric material haying first and second pjurallel surface^ 
sandwiched between film conductors which contact said 
parallel srirfaces of said first film of piezoelectric 
material and a second film of piezoelectric material 
having first and second parallel surfaces sandwiched 
between film conductors which contact said parallel 
surfaces of said second film of piezoelectric material. 
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20. The apparatus of eXalm 19 ftorther coiaprising a 
Plurality of layers of silicon dioxide or silicon nitride 
insulating each said film conductor from all said 
piezoelectric aatdrial. 

21. The apparatus of claim is wherein said motion 
transducer comprises: 

a piezoelectric bimorph having a first end attached 
to said substrate and having a second end cantilevered in 
free space, comprised of at least tvo layers of piezo- 
electric film and a plurality of electrodes, with said 
Plurality of electrodes arranged so as to sandwich said 
two layers of piezoelectric film and arranged relative to 
said two layers of piezoelectric film such that three 
dimensional movement of said second end is caused by the 
application of suitable voltage differences between ^oups 
of said electrodes. s^^oups 

22. the apparatus of claim 21 wherein said bimorph 
transducer is eoaprised of a first film of piezoelectric 
»at«cial having first and second parallel surfaces aL 
having two or more film conductive electrodes formed so as 
to contact , said first surface and having another film 
conductive electrode formed so as to contact saTd second 
surface, and further comprising a second thin f i^ of 
Piezoelectric material having first and second ^r^iei 
T ^'"'^^^ ''^'^ piezoLctric 

Z^ lTt ^^^^-^ piezoelectric layer, and 

iz^ If rr ™ "^"^^ - - - — 

PluranL Tr^' " '^^^^ comprising a 

insuf if '''^^^^ or silicon nitride 

insulating all said electrodes from adjacent layers of 
piezoelectric material, -Layers of 
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24. She apparatus of olain 21 vhereln said free space 
includes a volume formerly occupied by a sacrificial layer 
of material vhich was deposited during fabrication of said 
bimorph and which was later etched away. 

25. The apparatus of claim 22 wherein said free space 
includes a voltome formerly occupied by a sacrificial layer 
of material which was deposited during fabrication of said 
bimorph and which was later etched away. 

26. The apparatus of claim 18 Wherein said free space 
includes a volume formerly oocupied by a sacrificial layer 
of material which was deposited during fabrication of said 
bimorph and ^Aiich was later etched away. 

27. The apparatus of claim 18 wherein said free space 
includes a volume formerly occupied by a sacrificial layer 
Of material which was deposited during fabrication of said 
bimorph and which was later etched away. 

28. A method for forming an integrated scanning tuxmeling 
microscope comprising: 

etcfhing a pit in a first surface of said substrate 
having first and second surfaces, said first and second 
surfaces related in such a manner that an etch of said 
first surface, if continued long enough will reach said 
second surface, said pit in said first surface extending 
far enough to leave a membrane of material between the 
bottom of said pit and said second surface J 

patterning a first electrode over said second surface 
so as to extend over said pit; 

depositing a first layer of piezoelectric material 
over said first electrode so as to extend over said pit; 

■ forming a second electrode over said first layer of 
piezoelectric material; 

depositing a second layer of piezoelectric material 
over said second electrode; 
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forming a third electrode over said second layer of 
piezoelectric aaterial; 

etching said first and second piezoelectric layers so 
as to form a cantilever beam extending over said pit with 
said second electrode completely enclosed in piezoelectric 
material; and 

fom^g a tip having a point conducive to use in 
scanning tunneling microscope operations on said third 
electrode at a point of said cantilever over said pit; 

forming means of making separate electrical contact 
to each of said electrodes; and 

etching away the remaining material of said membrane 
at the bottom of said pit to free said cantilever from 
said substrate except at the point of attachment between 
said cantilever and said substrate. 

29. The method of claim 28 Wherein the steps of forming 
said first and second photoresist patterns includes the 
steps Of forming the plurality of electrodes so that the 
electrodes over said second piezoelectric layer are 
aligned with the electrodes over said substrate, and 
wherein the step of forming said tip on said third 
electrode includes the step of forming said tip on one 
electrode of said plurality of electrodes formed over said 
second piezoelectric layer. 

30. !Ehe method of step 29 further comprising the steps 
of forming silicon dioxide or silicon nitride layers above 
and below each of said piezoelectric layers. 

31. A method of forming a scanning tunneling microscope 
comprising: 

etching a pit in a first surf ace of said substrate 
having first and second surfaces, said first and second 
surfaces being substantially parallel, said pit in said 
first surf ace extending far enough to leave a membrane of 
aaterial between the bottom of said pit and said" second 
surface; 
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forming a first dielectric layer over said second 
surface; 

patterning a first plurality of electrodes over said 
first dielectric layer so as to extend over said pit; 

depositing a second layer of dielectric material over 
said first plurality of electrodes; 

depositing a first layer of pieaoelectric material 
over said second layer of dielectric material so as to 
extend over said pit; 

depositing a third dielectric layer over ©aid first 
layer of piezoelectric material; 

forming a second plurality of electrodes over said 
third dielectric layer so as to be over said pit; 

depositing a fourth layer of dielectric material over 
said second electrode; 

depositing a second layer of piezoelectric material 
over said fourth dielectric layer; 

depositing a fifth dielectric layer over said second 
layer of piezoelectric material; 

forming a third plurality of electrodes over said 
second layer of piezoelectric material so as to be over 
said pit; 

etching said first and second piezoelectric layers 
and said dielectric layers so as to form a cantilever beam 
extending over said pit with said second electrode 
completely enclosed in piezoelectric material; 

forming a tip having a point with a radius on the 
order of looo angstroms or less on one of said third 
plurality of electrodes at a point of said cantilever over 
said pit; 

forming means of making separate electrical contact 
to each of said electrodes; and 

etching away the remaining material of said membrane 
at the bottom of said pit and said first dielectric layer 
in the region of said membrane to free said cantilever 
from said substrate except at the point of attachment 
between said cantilever and said substrate. 
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32 



•me method of claitt .31 wherein said step of foriing 
said tip includes the steps of forming a shadow mask 
having an aperture over the electrode upon which said tip 
is to be formed and evaporating a conductive material 
through said aperture until said aperture doses. 

33. A method for forming an integrated scanning tunneling 
microscope comprising: 

etching a pit in a first surface of said substrate 
having first and second surfaces, said first and second 
surfaces related in such a manner that an etch of said 
first surface, if continued long enough will reach said 
second surface, said pit in said first surface extending 
far enough to leave a membrane of material between the 
bottom Of said pit and said second surface; 

patterning a first layer of one or more independent 
el«ctrode(s) over said second surface so as to extend over 
said pit; 

depositing a first layer of piezoelectric material 
over said first electrode so as to extend over said pit? 

forming a second layer of one or more independent 
electrode(s) over said first layer of piezoelectric 
material; 

depositing a second layer of piezoelectric material 
over said second electrode; 

forming a third layer of one or more Independent 
electrodecsj over said second layer of piezoelectric 
material; 

etching said first and second piezoelectric layers so 
as to form a cantilever beam extending over said pit with 
said second electrode completely enclosed in piezoelectric 
material; and 

forming a tip having a point conducive to use in 
scanning tunneling microscope operations on said third 
electrode .at a point of said cantilever over said pit by 
forming a plurality of layers of mask material over a 
porti^of said cantilever beam over said pit and forming 
an aperture to form a shadow mask in said layers of mask 
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material and evaporating conductive material through said 
aperture? 

forming means of malcing separate eleotfical contact 
to each of said electrodes; and 

etching away the remaining material of sadd diaphragm 
at the bottom of said pit to free said cantilever from 
said substrate except at the point of attachment between 
said cantilever and said substrate. 

34. The metihiod of claim 33 further comprising the step of 
forming a conductive surface to be scanned within 
tunneling distance of said tip. 

35. The method of claim 34 further comprising the steps 
of forming insulating layers of silicon dioxide or silicon 
nitride insulating eadh of said first, second and third 
electrodes from adjacent layers of piezoelectric material. 

36. A method for forming an Integrated scanning tunneling 
microscope comprising: 

etching a pit in a first surface of said substrate 
having first and second surfaces, said first and second 
surfaces related In such a manner that an etch of said 
first surface, if continued long enough will reach said 
second surface, said pit in said first surface extending 
far einough to leave a diaphragm of material between the 
bottom of said pit and said second surface; 

patterning a first layer of one or more independent 
electrode (s) over said second surface so as to extend over 
said pit; 

depositing a first layer of piezoelectric material 
over said first electrode so as to extend over said pit; 

forming a second layer of one or more independent 
electrode (8) over said first layer of piezoelectric 
material ; 

depositing a second layer of piezoelectric material 
over said second electrode; 
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forming a third layer of one or nore independent 
electrode (8) over said second layer of piezoelectric 
material? 

etcbing said first and second piezoelectric layers so 
as to form a cantilever beam extending over said pit with 
said second electrode coa^letely enclosed in piezoelectric 
material; and 

forming a tip having a point conducive to use in 
scanning tunneling microscope operations on said third 
electrode at a point of said cantilever over said pit by 
separately forming a shadow mask with an aperture and 
aligning the aperture in said shadow mask over a portion 
of said ceuitilever beam located over said pit and 
evaporating conductive material through the aperture in 
said i^adow meiskf 

forming means of making separate electrical contact 
to each of said electrodes; and 

etching away the remaining material of said diaphragm 
at the bottom of said pit to free said cantilever from 
said sTibstrate except at the point of attachment between 
said cantilever and said substrate. 

37. oaie method of. claim 36 further comprising the step of 
forming a conductive surface to be scanned Within 
tunneling distance of ssd.d tip. 

38. The method of claim 37 further comprising the steps 
of foraing insulating layers of silicon dioxide insulating 
each of said first, second and third electrodes from 
adjacent layers of piezoelectric material. 

3&, A method for forming an integrated scanning tunneling 
microscope comprisings 

forming a piezoelectric motion transducer by: 
forming by any suit«*le microfabrication techniques a 
piezoelectric bimorph having first and second ends" and a 
plurality of pairs of electrodes sandwiching a plurality 
of layers of piezoelectric material, said bimorph formed 
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on a surface of a siibstrate having a sacrificial spacer 
layer formed over part of said surface, said bimorph 
formed on said surface such that said second end lies over 
said sacrificial spacer layer but such that said first end 
does not, said bimorph including a tip electr^e formed on 
said second end; and 

etching away said sacrificial spacer layer to leave 
said bimorph cantilevered in free space with said first 
end integrally attached to said substrate; 

forming a tip on a portion of said tip electrode 
which is cantilevered with said second end in free space, 
said tip having a point conducive to use in scanning 
tunneling microscope operations, said tip formed by 
integrally forming a plurality of layers of mask material 
over a portion of said cantilever beam over said 
sacrificial layer and forming an aperture in said layers 
of mask material to form a shadow mask and evaporating 
conductive material through said aperture; 

forming means of making separate electrical contact 
to each of said c»leetrodes of said bimorph including said 
tip electrode; 

forming a conductive surface to be scanned within 
tunneling distance of said tip; and 

forming control circuitry in electrical contact with 
said tip electrode and said pairs of electrodes by 
Integrated circuit techniques to sense tunnel current 
flowing between said tip and said conductive surface and 
to cause the appropriate control signals to be applied to 
said pairs of electrodes to cause said motion transducer 
to move in an appropriate direction to adjust said tunnel 
current to a desired level. 

40. A method for forming an integrated scanning tunneling 

microscope comprising: 

forming a piezoelectric motion transducer by: 
forming by any suitable microf eibrication techniques "a 

piezoelectric bimorph having first and second ends and 

having a plurality of pairs of electrodes sandwiching a 
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plurality of layers of piezoelectric aaterial, -said 
biiiiorph formed on a surface of a substrate having a 
sacrificial spacer layer formed over part of said surface, 
said bioorph formed on said surface such that said second 
end lies over said sacrificial spacer layer but such that 
said first end does not, said bimorph including a tip 
electrode formed on said second end; and 

etching away saiid sacrificial spacer layer to leave 
•aid blaorph oantilevered in free space with said first 
end integrally attached to said substrate r 

forming a .tip on a portion of said tip electrode 
which is eantilevered with said second end in free space, 
said tip having a point conducive to use in scanning 
tunneling microscope operations, said tip formed by 
separately forming a shadow mask with an aperture and 
aligning said aperture over a portion of said cantilever 
beam located over said sacrificial layer and evaporating 
conductive material through said aperture in said shadow 
mask; 

forming means of making separate electrical contact 
to each of said electrodes of said bimorph including said 
tip electrode; 

forming a conductive siirf ace to be scanned within 
tunneling distance of said tip; and 

forming control circuitry in electrical contact with 
said tip electrode and said pairs of electrodes by 
integrated circuit techniques to sense tunnel current 
flowing between said tip and said conductive surface and 
to cause the appropriate control signals to be applied to 
said pairs of electrodes to cause said motion transducer 
to move in an appropriate direction to cause said tunnel' 
current to remedn substantially constant. 
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